A high isolation broadband dual-polarized omnidirectional antenna comprising two low profile orthogonally polarized omnidirectional radiating elements is presented. A modified monopole using loadings to broaden impedance bandwidth is applied to vertical polarization (VP), while four printed concentrically arranged Yagi-Uda-like antennas are employed for horizontal polarization (HP). Both the simulated and measured results indicate that the operating bands of the proposed antenna with its reflection coefficient less than −10 dB are 1.48 to 3.16 GHz for VP and 1.69 to 2.7 GHz for HP. A good port isolation larger than 40 dB and omnidirectional patterns with the out-of-roundness less than 2 dB in horizontal plane are obtained. This paper explains the radiation mechanism by investigating the simulated surface current distributions for VP element and establishing a radiation model for HP element, and also analyzes the performance of the proposed antenna. This antenna design can be applied to 4G (LTE) communication system.
INTRODUCTION
With the rapid development of mobile communication technology, the communication system is required to have a broad bandwidth. Recently, the band of 4G communication system has already covered the range of 1710-2690 MHz [1] , so that the antennas acting as the front-end of communication system should be operated in that frequency range. Even though the 5G communication technology is coming and has become one of the hot research issues, because of the large amount of coverage, 4G antennas will still play a key role in the communication service in the further years. Moreover, owing to the merits of 360 • full coverage radiation in the horizontal plane and supporting a free alignment between receiving and transmitting antennas, omnidirectional antennas have been widely used in base stations [2] [3] [4] [5] . On the other hand, due to the properties of enhancing the channel capacity and mitigating multipath fading, dual-polarized antennas possessing two orthogonal electrical field components in the direction of radiation are also extensively applied in many modern communication systems [6] . However, the requirement of isolation between the ports for HP and VP in the dual-polarized base station antenna is usually larger than 30 dB [7] . Thus, considering the aforementioned requirements and design constrains, the design of an antenna with dual-polarized diversity, high isolation, omnidirectional radiation, broad bandwidth covering the 4G band, and low-profile height (lower height of its profile) is facing crucial challenge.
As a typical VP antenna, a monopole antenna possesses omnidirectional radiation characteristic. Recently, a type of printed antenna [8] [9] [10] [11] composed of two identical perpendicular positioned monopoles has been designed for dual-polarized omnidirectional radiation; however, the profile height is larger than 0.1λ L at the lowest operating frequency. Another type of dual-polarized omnidirectional antenna is the combination of a circular HP antenna and a VP monopole antenna. Because of broadband, low-profile, and omnidirectional radiation characteristics, this type of antennas suitable for indoor base stations has drawn tremendous attention; meanwhile, the designers keep making improvements for this kind of antennas to achieve excellent performance. [12] is a broadband dual-polarized and omnidirectional antenna with operating band of 1.8-2.7 GHz (35%) for HP and 0.806-0.96 GHz (17.4%) for VP. The port isolation reaches 25 dB, and the height of its profile is 110 mm. Compared with the preceding antenna, [13] ameliorates the antenna performance of bandwidth and profile height. The bandwidth can cover 4G network band, and the low-profile height can be reduced to 102.6 mm. Two-port isolation of 25 dB can be obtained. [14] is a broadband dual-polarized omnidirectional antenna employing four shorting legs and a printed broadband balun. Its bandwidth ranges from 1.7 to 2.7 GHz; low-profile height is as low as 97.5 mm; and port isolation is larger than 31 dB. Consequently, the performance is improved again. In order to decrease the profile height efficiently and enhance the impedance bandwidth simultaneously, the antenna presented in [15] adopts an AMC reflector; however, due to the limitation of the distance between two elements, the isolation between the two ports is only about 20 dB. By combining two circular HP elements and one VP element which has three radiation patches with a discone shape's external profile, the dual-polarized antenna designed in [16] can realize multiband characteristic with broad operating band, whereas the profile height is large of 117.5 mm, and the isolations larger than 25 dB at 1.69-3.75 GHz and 14 dB at 690-1.03 GHz are provided. Paper [17] also proposes a dual-polarized dualband omnidirectional antenna comprising two circular HP elements and one VP element, and the profile height of this antenna is still higher than 100 mm and the port isolation larger than 20 dB. In [18] , an antenna array arranged by eight dual-polarized antenna elements has been proposed. Its array elements possess the profile height of 72 mm and good port isolation of 40 dB, but the bandwidth is as narrow as 25% (1.7-2.2 GHz). Considering the above-mentioned antennas, it can be seen clearly that it is so hard to achieve a perfect antenna design target with broad bandwidth, low profile, and good isolation simultaneously.
In this paper, a broadband dual-polarized and omnidirectional antenna with two different polarized low-profile radiation elements is studied. This antenna realizes omnidirectional radiation performance in both the VP and HP elements, and two orthogonal electrical field components exist in the direction of radiation which indicates that this antenna owns a dual-polarization characteristic. The technologies of the stair-like ground plane and loading additional structures are utilized to improve the impedance bandwidth to 72.4% (1.48 to 3.16 GHz) for VP and 46% (1.69 to 2.7 GHz) for HP. By adjusting the size of the large ground, the dual-polarized port isolation can be enhanced to 40-60 dB, and the gains in operating band can be stable at a higher value of 4 dBi. Moreover, the low-profile height of 79.5 mm is attained through the CST software's optimizer. The analysis of surface current distributions and the equivalent current antenna array radiation model are adopted in this paper to interpret the mechanism of the antenna. The detailed antenna structure is presented in Section 2; simulation and analysis are depicted in Section 3; experimental results are shown in Section 4; the characteristics of this antenna are analyzed in Section 5, while the conclusions are provided in Section 6.
ANTENNA GEOMETRY
The geometry of the proposed antenna is shown in Figure 1 . The proposed dual-polarized antenna consists of a VP element and an HP element. As shown in Figure 1 (b), VP element is a modified lowprofile monopole with a top-loading metal disk shorted to the stair-like ground plane by four equallyspaced metallic pins. This structure of a four-metal-pins shorted patch has been widely utilized for a low-profile monopole [3, 4, 14, [18] [19] [20] [21] [22] [23] . However, we have made a modification by mounting four-opening pins on the ground plane, which is able to compensate the reactance for bandwidth improvement. The stair of the ground, which is used for achieving wide impedance bandwidth, is mainly a metallic tube with the inner diameter equal to the diameter of the feeding coaxial cable's outer conductor. In addition, the inner conductor of the feeding cable passes through the metal tube and then connects with the toploading patch. Other similar techniques to feed patches crossing other layers have been proposed for multi-feed antennas [24] . Based on the conventional monopole, we load a metal patch on the top and apply a ground-plane, by which the length of current's path is increased, thereby reducing the profile height effectively.
The HP element is a printed antenna shown in Figure 1 (c), whose radiators and feeding network are printed on both sides of an F4B substrate (ε r = 3 and thickness = 2 mm). The radiators are four directional antennas radiating toward four directions (±x, ± y), respectively, and each directional antenna is made by a dipole loaded with a parasitic strip. The parasitical element, served as a director, is able to improve the gain in azimuth plane, extend the bandwidth, and also reduce the out-of-roundness.
Here an especially designed four-way printed power divider is used as the feeding network to provide signals with equal amplitude and phase. This four-way printed power divider consists of four broadband baluns, which has been widely used in [14, 16-18, 23, 25-27] , and an impedance matching circuit. At the center of the antenna element, the four branches of power divider should be connected to a 50 Ω feeding coaxial line, thus the impedance of each branch at this point should be equal to 200 Ω for parallel connection, whereas the balun should have a impedance of 70 Ω to match the impedance with the dipole. Therefore, to satisfy the matching requirement, we design a matching circuit for connecting four shunt broadband baluns to feeding point through four tapered transformers, which is helpful in increasing the impedance bandwidth. By positioning the HP element below the large ground of VP antenna element with an optimum distance of 57 mm, an enhancement of the isolation can be achieved. It should be noted that the final optimum geometric parameters applied to achieve broadband, high gain, and omnidirectional radiation patterns are pursued for the proposed antenna, and the description of optimization procedure, such as multi-objective optimization of a single element antenna, has already been proposed in [28] . The detailed values of parameters of the proposed antenna are optimized by CST software and listed in Table 1 . Table 1 . Geometric parameters optimized for the proposed antenna (Unit: mm).
Parameter Value Parameter Value Parameter Value Parameter Value
R 1 15.4 h 1 12.5 W 4 2 L 5 5.85 R 2 33 h 2 16.5 W 5 12 L 6 15 R 3 100 h 3 17.5 W 6 3 L 7 19.32 R 4 31 h 4 9 W 7 2 L 8 5.18 R 5 38.3 h 5 57 L 1 4 L 9 29 R 6 1 W 1 0.4 L 2 1.6 t 1 R 7 48 W 2 2 L 3 15 g 1.8 R 8 13 W 3 1.2 L 4 17.7
SIMULATIONS AND ANALYSIS

VP Antenna
As displayed in Figure 1 , VP antenna is a loaded monopole with stair-like ground plane. Simulating the antenna in CST Microwave Studio produces the results shown in Figure 2 . It can be seen from Figure 2 which can reveal the patterns, in azimuth plane, are omnidirectional with the out-of-roundness less than 2 dB. Because of the reflection of its large ground plane, some up tiles of the maximum radiation directions are generated in elevation plane. In terms of the configurable dimensions, this antenna has a size quite small on the polarized direction which is only 0.095 λ L at the lowest operating frequency.
Radiation Mechanism Analysis
To understand the radiation mechanism of the VP antenna, the surface current of VP antenna is simulated. Figure 3 shows the simulated surface current distributions at 1.7 GHz and 2.7 GHz. As seen, at the lower frequency, the current mainly distributes on the shorting pins, the side wall of the stair-like ground, and the feeding inner conductor above the ground, whereas unlike the occasion at the lower frequency, the current of the higher frequency is not mainly on the shorting pins, while large amount of current appeares on the opening pins. This is because the current at the lower frequency looks for resonant structures owning relative long current pathes to radiate, and the shorting pins connecting with the top patch can form long pathes; therefore, they act as the main radiators. However, at the higher frequency, the pathes for resonance are shrunk, thus the shorting and opening pins can all be used as the key radiators. For the top-loading patch and stair-like ground plane, they are just applied to transmit the current and not used for the VP radiation. In addition, the current distributions are mainly on the under surface of the top patch and the upper surface of this ground plane. In order to further analyze above phenomenon, the simulated phase values of the current at 1.7 GHz and 2.7 GHz are extracted. Because of central symmetry of VP antenna, one radius cross-section is selected to simulate, and then the comparisons between the lengths of different structures (termed as AB-HI) and corresponding phase values are plotted in Figure 4 . We can judge the current pattern of each structure in Figure 4 according to the slow-wave coefficient formula as depicted in [29] :
where ζ is the slow-wave coefficient; β is the phase constant; k is the wave number in free space; Δφ is the phase shift; and Δφ 0 is the corresponding one in free space. wave pattern, and when ζ ≈ 0, the current is in standing wave pattern. The parameters' values of Equation (1) and the current pattern for the different structures are listed in Table 2 . It can be found that both at the lower frequency and higher frequency, the current patterns of the vertical structures are all standing waves, which means that they are served as main radiators for resonance. However, the current distributions on other horizontal structures include top patch and stair-like ground plane which have large radiating areas all exhibiting traveling wave patterns, and because of the property of flowing radiation, the traveling wave's reflection is relatively small, hence this antenna constructed by the horizontal structures displays a good impedance matching provided by the small reflections; in other words, the wideband characteristic of the proposed VP antenna can be achieved.
Operating Frequencies Analysis
As shown in Figure 2 (a), two resonant frequencies are available to generate stagger tuning for attaining broadband. Moreover, as mentioned in the above analysis, the lower resonant frequency is determined by the structure with a long size. Therefore, we take the loop form by CD, DE, EF, FG, GB, BC in Figure 4 as an example and examine the relationship between the loop's circumference (termed as C) and the lower resonant frequency by the parameter sweep analysis of CD. Figure 5(a) shows the effect of changing CD length on the simulated |S 11 |, and additionally, the corresponding results are listed in Table 3 . It is observed that the increase of the C causes the resonant frequency (f rL ) shifting to lower band; however, the value of parameter C is always approximately corresponding to the electrical length of 0.56 ∼ 0.57 λ rL at the resonant frequency. At higher frequencies, the opening pins with short sizes are served as the main radiators; therefore, we examine the relationship between the length of opening pins and the higher resonant frequency (f rH ) by the parameter sweep analysis of HI whose results are shown in Figure 5 (b) and also list the results in Table 3 . As seen, HI has a stable electrical length value of approximately 0.15 ∼ 0.16 λ rH . To sum up, the stable relationship between the structure's electrical lengths and resonant frequencies can be applied to this design of antenna. 
Function Analysis of Metallic Pins
Metallic pins are not only used for radiation, but also used to adjust the impedance matching. Because of similar heights, the shorting and opening cylinders can generate opposite property reactances for compensation. To study the contribution of four-opening pins, which are developed in this paper to improve antenna performance, we plot the impedance curves with/without four opening pins in Figure 6 .
It can be seen that with opening pins, the impedance curve moves into the Γ = 1/3 circle on the Smith chart indicating the amelioration of impedance matching; in other words, the bandwidth is broadened by them effectively.
HP Antenna
As shown in Figure 1(c) , HP antenna is a combination of four concentrically arranged Yagi-Uda-like antennas. The simulated results of this antenna from CST software are depicted in Figure 7 including reflection coefficients, gains, and radiation patterns. It can be observed that the antenna's impedance bandwidth is broad of 49.9%, which covers 1.7 GHz-2.83 GHz, and the gains range from 1.2 dBi to 1.52 dBi, significantly lower than the VP's. This HP antenna also has omnidirectional patterns with the out-of-roundness less than 2 dB in the whole operating band.
Radiation Mechanism Analysis
In order to explain the radiation mechanism of the HP element, we use equivalent current radiation model, as demonstrated in Figure 8 , which applies linear superposition of all isolated radiation elements' field intensities based on their own surface current distributions to calculate the total far-field electric field intensity of the antenna, and as a result, each element is modeled as a dipole source. Taking any one of the four Yagi-Uda-like antennas as an example, it can be considered as a directional antenna composed of a fed-dipole and a parasitic segment, on which the current distributions are both assumed to be sinusoidal and expressed as follows:
where I m is the amplitude; k = 2π λ ; l is the length of the radiation element. Therefore, the current distribution of each radiation element generated by CST simulation software can be fitted with a sinusoid to solve the value of parameter I m . Figure 9 depicts the simulated amplitude and phase distribution curves and fitted sinusoid of all the elements at the HP antenna's resonance frequencies (1.8 and 2.4 GHz). It is clear that at the same frequency, the four directional antennas have the same current amplitude distributions, and due to the end effect generated by the charge accumulation at the antenna's terminations, the amplitude values at the ends of these elements should not be zero. In addition, we can observe from Figure 9 that the dipole's phase advances the parasitic element's for each Yagi-Uda-like antenna, thereby forming directional radiation. According to fitted curves, the values of I m of each element can be calculated. Because of the current standing wave pattern, the phase distribution along each element is approximately uniform. Table 4 lists the amplitude and phase values of the radiators, with which the HP antenna's patterns can be calculated through the following functions. In terms of a single radiation element, the field intensity created by the current that satisfies
Thus, for a Yagi-Uda-like antenna D i (i = 1, 2, 3, 4) , the entire far-field intensity is the linear superposition of E-dipole and E-director, based on the interference principle of field, and can be expressed as follows:
where I iN is the maximum current magnitude; ξ iN is the current standing wave phase; k 0 is the wave number in free space; r iN is the distance from the center point on the source to the observation point M . N = 1 represents the dipole of D i ; N = 2 represents the director of D i . f iN (θ, ϕ) is the direction function of an isolated radiator and can be written as follows:
where Θ i is the angle from the observation direction OM to the axis along the element D i ; cos Θ 1 , 3 = sin θ cos ϕ; cos Θ 2 , 4 = sin θ sin ϕ; l N is the half length of the element. Finally, according to the interference principle of field, the total far-field intensity of the HP antenna can be derived as
The normalized direction function is
To further validate the equivalent current radiation model, the comparison between the simulated and calculated normalized patterns in the XOY -plane and XOZ-plane at different resonance frequencies is provided in Figure 10 . Note that the two methods' results coincide well with each other, and the antenna realizes omnidirectional radiation in horizontal plane. However, the radiation gain of the antenna is relatively low. This is because each directional antenna possesses a powerful backward radiation as shown in Figure 11 . Take +y direction as an example, the forward radiation of D 1 interferes the backward radiation of D 3 . In addition, due to the long distance between them, the in-phase interference along +y direction may not be generated in normal conditions, resulting in the reduction of the radiation field intensity. For example, at 2.2 GHz, D 1 is departed away from D 3 with 77 mm, and the phase shift of 6.42 rad (368 • ) is acquired, in which case the field of D 1 is weakened by D 3 in +y direction. It needs to be emphasized that the current distributions of the crossed dipoles [30] in the equivalent current radiation model are the results simulated by CST software, and then the co-polarized radiation field and patterns are calculated by combining the results with the discrete arrays model.
Operating Frequencies Analysis
D i is a Yagi-Uda like antenna with a dual-resonance structure. To better explain this performance, Figure 12 gives the relationship between surface current amplitudes and frequencies of the dipole and parasitic element for D i . It can be observed that the first resonance frequencies of the current on the fed dipole and parasitic segment are 1.7 GHz and 2.8 GHz, respectively, and due to the effect of stagger tuning, the operating band of D i covers 1.7-2.8 GHz, thereby achieving broad bandwidth.
For the entire HP antenna, the lower and higher resonant frequencies (1.8 GHz and 2.4 GHz) are also determined by the dipole's length and parasitic segment's length, respectively. Considering the effect of the substrate, the wavelength λ e in the substrate is equal to λ 0 √ εe and should satisfy λ 0 √ εr < λ e < λ 0 . The dipole's length is 52 mm, and λ e at the 1.8 GHz is in the range from 96.34 to 166.67 mm; therefore, the dipole's length corresponds to λe 2 . The parasitic segment's length is 37.68 mm, and λ e at 2.4 GHz is in the range from 72.25 to 125 mm, hence its length corresponds to λe 2 , as well. Consequently, according to the relationship between the resonant frequencies and the radiators' electrical length of λe 2 , we can design this antenna.
Dual-Polarized Antenna
There are two scenarios for the position of VP and HP elements to assemble a dual-polarized antenna. The first one is placing the HP element above the VP antenna, and the other is the inverted position which is adopted in this paper to attain higher isolation as plotted in Figure 1(a) . Since the diameter of the ground of VP element is 2.2 times of that of HP element, the electromagnetic energy coupling between VP and HP antennas is isolated effectively. In addition, in this proposed antenna, the respective radiators for VP and HP are strictly orthogonally positioned, thus the coupling between VP and HP antennas is weak, which achieves good isolations. The port isolations of the two scenarios, when the spacings between the two elements are both 57 mm, as shown in Figure 13 , verifies that positioning HP antenna beneath VP antenna achieves better performance of 40-50 dB isolations, and at the same time, the large ground plane of VP element can also cause significant influence on the radiation of HP element. The simulated results, including reflection coefficients, gains, and radiation patterns, are demonstrated in Figure 14 To illustrate the effects of the ground on the HP element, image theory is applied to form the HP element's direction function of the dual-polarized antenna. Through multiplying the separated HP antenna's direction function in Eq. (7) by the corresponding array factor of a two-elements array with constant amplitude and out of phase, the formula of the HP element's normalized direction function can be given by where H equal to h 5 (57 mm) is the distance from the HP antenna to the ground of VP element. In Figure 16 , the simulated linear radiation patterns of HP element are compared with the ones calculated through function in Eq. (8) . We observe from Figure 16 that the calculated and simulated patterns' main lobes coincide well with each other. The array effect generated by the large ground of VP element may create enhancement of gains of HP element, which can be proved by the calculation of gain function.
The gain function is expressed as
And applying Eq. (8) into Eq. (9), we can obtain the HP antenna's calculated gains in the operating band of 1.68-2.83 GHz. The simulated and calculated gains with slight discrepancy are shown in Figure 17 , which are all larger than the gains in the separated HP antenna. Figure 17 . Comparison between the simulated and calculated peak gains of HP element. 
MEASURED RESULTS AND ANALYSIS
The simulated results illustrate that the proposed antenna can realize high isolation low-profile dualpolarized, and broadband performance. Moreover, the calculated consequences based on the surface current distributions agree well with the simulated ones. A prototype has been manufactured to validate the antenna design, as shown in Figure 18 . Both VP and HP elements use 50 Ω SMAs to connect the feeding coaxial lines. This antenna has been measured in an anechoic chamber by the Agilent N5227A vector network analyser, and its simulated and measured results, including S-parameters, gains, and normalized antenna patterns, are described in Figures 19 and 20 . Furthermore, the measurement Table 6 . Analysis for each antenna's characteristics.
Antenna Type Analysis for Characteristics
The Antenna Narrow bandwidth caused by the elements' structures; Low isolation in [12] attributed to the too close distance between two elements; High profile.
The Antenna Wide bandwidth affected by impedance transformation of feeding network; in [13] High profile and low isolation caused by elements' relative position.
The Antenna Wide bandwidth affected by elements' structures; High profile in [14] and also high isolation attributed to elements' relative position.
The Antenna Wide bandwidth affected by impedance transformation of feeding network; in [15] Low profile affected by the AMC, however, low isolation due to low profile.
The Antenna
Wide bandwidth and multiple bands affected by the elements' structures and the in [16] balun, but low isolation caused by the multi-elements' relative positions.
Wide bandwidth and multiple bands affected by the elements' structures and the in [17] balun, but low isolation caused by the multi-elements' relative positions.
The Antenna Narrow bandwidth and low gains caused by the elements' structures, in [18] but high isolation affected by the relative positions of the polarized elements; Eight-element array for higher gains.
The Proposed Wide bandwidth, low-profile and high isolation achieved by Antenna broadband elements, broadband balun included tapered transformers and reasonable relative position between the elements. environment of the proposed antenna is displayed in Figure 20 (a). The 10 dB impedance bandwidths of the VP and HP elements are 1.48-3.16 GHz and 1.69-2.7 GHz, respectively. The isolation between two ports is higher than 40 dB. The measured gains are also stable at 4 dBi. The radiation shows omnidirectional patterns in horizontal plane with out-of-roundness less than 2 dB. Finally, the measured results coincide well with the simulated ones, and the slight discrepancies are caused by the effect of the experiment environment, loss of feeding lines, and fabrication errors.
THE CHARACTERISTICS OF THE PROPOSED ANTENNA
The comparisons between the proposed antenna and other antennas are listed in Table 5 , and the analysis for each antenna's characteristics is also introduced in this section as shown in Table 6 . It is clear that our antenna has many merits, such as broadband, high isolation, and relatively stable gains.
CONCLUSION
A low profile, high isolation, broadband, dual-polarized omnidirectional antenna has been designed, fabricated, measured, and analyzed. This proposed design allows the antenna to display good performance such as the broad relative bandwidths of 72.4% and 46% for VP element and HP element, respectively, the omnidirectional radiation patterns with out-of-roundness less than 2 dB, the gains stable at 4 dBi, and the high isolations which are more than 40 dB. Through the CST software, we have obtained the antenna's electric parameters and then explained the impedance and radiation mechanism well by using the achieved surface current amplitudes and phases. This research can be extended to a wider antenna design field. In addition, this designed antenna is easy to form an array, and due to the operating band covering 1.7 to 2.7 GHz, it can be utilized in 4G communication systems.
